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We carried out 2.5-dimensional resistive magnetohydrodynamic simulations to study the effects of mag-
netic diffusivity on magnetically driven mass accretion and jet formation. The initial state is a constant
angular-momentum torus threaded by large-scale vertical magnetic fields. Since the angular momentum
of the torus is extracted due to magnetic braking, the torus medium falls toward the central region. The
infalling matter twists the large-scale magnetic fields and drives bipolar jets. We found that (1) when the
normalized magnetic diffusivity, η¯ ≡ η/(r0VK0), where VK0 is the Keplerian rotation speed at a reference
radius r = r0, is small (η¯ ≤ 10
−3), mass accretion and jet formation take place intermittently; (2) when
10−3 ≤ η¯ ≤ 10−2, the system evolves toward a quasi-steady state; and (3) when η¯ ≥ 10−2 the accretion/mass
outflow rate decreases with η¯ and approaches 0. The results of these simulations indicate that in the center
of a galaxy which has a super-massive (∼ 109 M) black hole, a massive (∼ 10
8 M) gas torus and magnetic
braking provide a mass accretion rate which is sufficient to explain the activity of AGNs when η¯ ≤ 5×10−2.
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Introduction
Magnetically driven outflows from accretion disks are the most promising models of the acceleration
and collimation of jets/winds in AGNs and in star-forming regions. By assuming steady axisymmetric cold
outflow, it has been shown that when the magnetic field lines make angles of less than 60o from the equatorial
plane, a magneto-centrifugally driven outflow of matter emanates from the surface of the disk (Blandford,
Payne 1982; Pudritz, Norman 1983; Lovelace et al. 1986; Shu et al. 1994a,b). Recently, by including gas
pressure, Kudoh and Shibata (1997) obtained a steady solution along a magnetic field line and showed that
when the strength of the poloidal magnetic field, Bp0, is much smaller than the toroidal component, Bϕ0,
the mass outflow rate, M˙jet, increases with Bp0 and M˙jet approaches a constant value when Bp0 > Bϕ0.
Several authors have reported the results of axisymmetric two-dimensional magnetohydrodynamic (MHD)
simulations of jet formation by fixing the boundary conditions at the disk surface without including the ef-
fects of magnetic braking on the disk (e.g., Ustyugova et al. 1995; Meier et al. 1997; Ouyed et al. 1997). The
surface conditions of the accretion disk, however, should be determined self-consistently. Uchida and Shibata
(1985) as well as Shibata and Uchida (1986) carried out nonlinear, two-dimensional MHD simulations of jet
formation from accretion disks by including the effects of a back reaction of jet formation on disks. They
showed that jets/winds are accelerated along the magnetic field lines twisted by the rotation of the disk.
They called this mechanism a “sweeping magnetic twist mechanism”. The numerical results by Uchida and
Shibata (1985) as well as Shibata and Uchida (1986) have been confirmed by Stone and Norman (1994) by
using the ZEUS code. Stone and Norman (1994) have also discussed the relation between magnetic braking
and magnetorotational instability (Balbus, Hawley 1991).
The effects of magnetic extraction of angular momentum (magnetic braking) on the disk become more
evident when a geometrically thick disk (or torus) is considered. Matsumoto et al. (1996) carried out
2D MHD simulations of a torus threaded by poloidal magnetic fields and showed that the surface layer
of the torus accretes faster than the equatorial region, like an avalanche, because magnetic braking most
efficiently extracts angular momentum from that layer. Kudoh, Matsumoto, and Shibata (1998) confirmed
the numerical results by employing a newly developed CIP-MOCCT code which uses the CIP method (Yabe,
Aoki 1991) for hydrodynamic part and the MOCCT scheme (Stone, Norman 1992) to solve the induction
equations and to evaluate the Lorentz force terms. They have proposed that the ejection mechanism of
non-steady jets found in the 2.5-dimensional simulations can be understood using the steady state theory
even when the back reaction of the jet on the disk is included self-consistently. Matsumoto and Shibata
(1997) extended the 2D model to 3D by taking into account the non-axisymmetric effects, and have shown
that the avalanche breaks up into several spiral channels. When the torus is threaded by large-scale poloidal
magnetic field lines, accretion proceeds along these spiral channels. Since the channel flow bundles the
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large-scale magnetic field lines, a spiral structure also appears in the jet.
Most of the nonsteady models of magnetohydrodynamic jet formation from an accretion disk have
assumed ideal MHD. Recently, several authors included resistivity to study protostellar jets. Hayashi et
al. (1996) carried out 2D resistive MHD simulations of the interaction of the dipole magnetic field of the
protostar and its surrounding disk and have shown that magnetic reconnection takes place in the current
sheet created inside the expanding magnetic loops. They successfully explained both the acceleration of
optical jets and the X-ray flares in protostars observed by the ASCA satellite (Koyama et al. 1996). Similar
resistive MHD simulations of protostellar jets have been carried out by Miller and Stone (1997), Grosso et
al. (1997), and Goodson et al. (1997, 1999).
Hirose et al. (1997) investigated the interaction of the stellar magnetosphere originated in its dipole
magnetic field and the interstellar magnetic field carried with the infalling gas. They carried out 2D resistive
MHD simulations and showed that magnetic reconnection takes place by an interaction of these magnetic
fields. They showed that matter accretes along the reconnected magnetospheric field and that the magneto-
centrifugal force accelerates the reconnection-driven jet.
Resistivity can also play important roles when the accretion disk is threaded by open magnetic fields.
Lubow, Papaloizou, and Pringle (1994), Ogilvie (1997), Kudoh and Shibata (1997) tried to obtain steady
solutions of magnetically driven winds/jets including the accretion disk. But, in reality, when resistivity is not
included, the accretion disk may be highly nonsteady due to surface avalanching flow (Matsumoto et al. 1996;
Kudoh et al. 1998) and due to magnetorotational instability inside the disk (Balbus, Hawley 1991; Hawley,
Balbus 1992). For dealing with a steady state, the inclusion of resistivity is essential. Kaburaki (1987)
analytically obtained a steady-state solution for a disk of finite thickness by using resistive MHD equations.
It has been shown that in 3D, magneto-rotational instability generates turbulence inside the disk (Hawley
et al. 1995; Matsumoto, Tajima 1995; Brandenburg et al. 1995). This turbulence generates an effective
magnetic diffusivity which can suppress the growth of the magnetorotational instability. It is possible that
an accretion disk can be in a marginally stable state in which the magnetic turbulence is maintained at a
marginal level over which turbulent magnetic diffusivity kills the growth of the magnetorotational instability
(Matsumoto, Tajima 1995).
In weakly ionized disks, since the Spitzer-type resistivity itself becomes large, it can affect the growth
of the magnetorotational instability (Sano et al 1998). In this work, we introduced resistivity to simulate
the effects of either the turbulent magnetic diffusivity or the resistivity in very weakly ionized disks on the
formation of jets. The effects of resistivity are that magnetic field lines do not rotate with the same angular
speed as the disk matter, and thus it suppresses the injection of magnetic helicity (magnetic twists) and
the magneto-centrifugal acceleration. We would like to study the dependence of the mass accretion rate,
mass outflow rate, and jet speed on resistivity (or turbulent diffusivity) by 2D axisymmetric resistive MHD
simulations.
Observations by the Hubble Space Telescope (Jaffe et al. 1996) indicate that a several hundred parsec
scale rotating gas torus exists in active galactic nuclei. When the torus is threaded by large-scale magnetic
field lines, twist injection from the disk drives outflows. Since the magneto-rotational instability drives
magnetic turbulence in the disk, the turbulent magnetic diffusivity can be important in such disks.
In section 2, we present physical assumptions and numerical methods. Numerical results are given in
section 3. Section 4 is devoted to a summary and discussion.
Physical Assumptions and Numerical Methods
We assume that at the initial state a differentially rotating polytropic torus surrounding a central
gravitating object is threaded by a uniform vertical magnetic field. In active galactic nuclei, the torus
corresponds to a molecular torus rotating around the central super-massive black hole. The large-scale
poloidal magnetic field threading the torus can be produced by interstellar magnetic fields swept into the
nuclear region of the galaxy with the gas constructing the torus.
We assume axisymmetry and neglect the effects of self-gravity and cooling. Although the molecular
torus in AGNs is in low ionization state, we assume that ambipolar diffusion is negligible and that the
gas torus can be treated by using resistive, single fluid MHD equations. We discuss the validity of these
assumptions further in section 4.
We use cylindrical coordinates (r, ϕ, z) and assume that z-direction is parallel to the rotation axis.
A schematic picture of the simulation model is shown in figure 1. The basic equations are: equation
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∂ρ∂t +∇·(ρv) = 0,
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